Flake-type micro hollow silica was synthesized by precipitation method using an Mg(OH) 2 inorganic template and sodium silicate and ammonium sulfate as the silica precursors. We investigated the effects of the silica precursor concentration on the shape, shell thickness, and surface of the hollow silica. When the concentration of the silica precursor was 0.5 M, the hollow silica had a smooth and translucent thin shell, but the shell was broken. On the other hand, the shell thickness of the hollow silica changed in the range of 12 nm to 18 nm with the increase of the precursor concentration from 0.7 M to 1.1 M. Simultaneously, unintended spherical silica satellites were created on the shell surface. The number of satellites and the size rose according to the increased concentration of silica precursor. The reason for the formation of spherical silica satellites is that the NH 4 OH nucleus generated in the synthesis of hollow silica acted as another silica reaction site.
Introduction
ollow structure materials exhibit properties different from conventional materials due to their unique structure where the particles are surrounded by a porous or nonporous shell. Such materials offer the advantage that both the particle surface and interior can be utilized. Also, these materials have high specific surface area, low density, and high loading capacity, which are all attractive material properties for application to dye-sensitized solar cells, lithium ion batteries, supercapacitors, catalysts, drug delivery systems, sensors, and fuel cells. 1 -6 ) In particular, hollow silica offers outstanding optical properties and high thermal, electrical, and chemical stability in addition to the various advantages of a hollow structure material. Moreover, control of the material properties through the hollow silica size, shape, and combination with other materials has led to active technology development and application research worldwide.
-9 )
The most common hollow silica synthesis method is liquid phase synthesis using a spherical polystyrene latex (PSS) organic template. When using an organic template, the silica coats the surface of the organic template, forming a shell, and the final product of spherical hollow silica particles can be obtained by removing the organic template using heat treatment or organic solvents. In the case of the hollow silica synthesis method using an organic template, the template particle size can conveniently control the particle size of the final product, the hollow silica. However, the organic template residue washing process is difficult and cumbersome when using an organic solvent to remove the organic template. When high temperature heat treatment is used to remove the organic template to resolve this problem, agglomeration of the synthesized hollow silica occurs. Also, previous hollow silica research showed greater preference towards spherical synthesis of the hollow structure and studies on the synthesis method for hollow silica with different structure formations are lacking.
The aim of the present study was to synthesize flake type hollow silica using a Mg(OH) 2 inorganic template, which allows for convenient removal through acid treatment without using additional heat treatment or organic solvent. Furthermore, the silica precursor concentration was varied as a hollow silica synthesis variable to investigate the resulting hollow silica shape, shell thickness, and surface. Sodium silicate was used as the silica raw material, which is more economical and environmentally friendly compared to the conventionally widely used TEOS (Tetraethyl orthosilicate).
Experiment Procedure
In this study, Mg(OH) 2 inorganic template particles were used to synthesize hollow silica through a precipitation method.
A microscale flake type magnesium hydroxide (Mg(OH) 2 , KISUMA 5A, 98%, average particle size 0.8 μm, KISUMA, Netherlands) was used as the inorganic template particles and sodium silicate (Na A pH meter was used to observe the pH variation according to the reaction time during the silica shell formation reaction, and SEM and TEM analyses were carried out to observe the shape, shell thickness, and surface morphology of the hollow silica according to the precursor concentration. Through an XRD analysis, silica synthesis and crystallinity variation according to the precursor concentration were identified and the oil absorption was measured in order to compare the hollow volume ratio according to the hollow silica shape. The oil absorption was calculated by measuring the maximum paraffin weight absorbable by the hollow silica when minute amounts of liquid paraffin of 25 ~ 35 cst viscosity were dropped on 1 g of the synthesized hollow silica powder and the measured maximum absorbed paraffin weight was divided by the paraffin density (0.85 g/cc). Table 1 shows the conditions of the constant 0.8 M concentration of Mg(OH) 2 for the hollow silica synthesis, the constant mole ratio of 1:1 for sodium silicate and ammonium sulfate, and the various concentrations of the sodium silicate ranging from 0.5 M to 1.1 M.
Results and Discussion
By forming silica shells on the surface of the Mg(OH) 2 inorganic template and removing the inorganic template through acid treatment, micro flake type hollow silica was obtained. Fig. 3 shows Scanning Electron Microscope images (SEM, Nova SEM 450, FEI Co., acceleration voltage 10 kV, Spot size 3.5) of the hollow silica particles according to the silica precursor concentration.
While flake type hollow silica with smooth and clean shell was synthesized when the sodium silicate molarity was 0.5 M, the partial formation of hollow silica, which appeared to be broken, was also observed. The partial formation was ascribed to the amount of the silica precursor being insuffi- acid treatment as hollow shapes were observed for all specimens. In addition, as the silica precursor concentration increased, the hollow silica shell thickness increased along with the silica satellite size. The thickness of hollow silica shell according to the silica precursor concentration was approximately 8 nm for 0.5 M, 12 nm for 0.7 M, 15 nm for 0.9 M, and 18 nm for 1.1 M, which revealed shell thickness increments of around 3 nm for every 0.2 M increase in the silica precursor concentration. Figure 5 shows a graph of changes in thickness of hollow silica shells and the size of silica satellite according to the silica precursor concentration based on the TEM analysis results. Figure 6 shows the crystallinity change according to whether silica satellite synthesis occurred and the precursor concentration as analyzed through the X-Ray Diffractometer (XRD, D/MAX-22000/PC). The results revealed wide peaks at θ = 24°, which signified the synthesis of amorphous silica. There was virtually no change in the hollow silica crystallinity according to the concentration of precursor. This verified that spherical single particles formed at the hollow silica shell surface were the same silica, rather than different components. The oil absorption was measured to identify the hollow volume ratio of the hollow silica according to the silica precursor concentration and the results are shown in Fig. 7 . The oil absorption was 7.51 cc/g for the hollow silica synthesized with 0.5 M sodium silicate, which was the lowest oil absorption measurement among the four conditions. This result was due to the hollow silica particles with broken hollow structures failing to exhibit the maximum effect of the hollow structure. Meanwhile, the oil absorption for the 0.7 M sodium silicate case, where complete flake type hollow silica was obtained, was measured at 10.40 cc/g, which was the highest measurement of all the conditions. However, for concentrations of sodium silicate of 0.9 M and higher, the shell thickness increased and the number of hollow silica particles in relation to the weight was low due to the spherical silica satellites on the surface, resulting in lower hollow efficiency and consequently reduced oil absorption. For generic solid silica (SiO 2 , Spherical, 1 ~ 3 μm, SUNSIL-20, SUNJIN BEAUTY SCIENCE, Korea), a low oil absorption value of 1.1 cc/g was measured. The hollow silica synthesized in this study had an oil absorption value 9.45 times greater than that of the generic solid silica, which verified that the hollow structure particles had low density and high loading capacity.
In order to investigate the cause of the formation of unintended spherical silica satellites where the silica precursor was not completely utilized to form the shell, the silica precursor concentration was set to 0.9 M and synthesis of the hollow silica was conducted to examine the surface morphology of the Mg(OH) 2 /silica core-shell particles and the pH variation of the reaction solution according to the time duration. Figure 8 shows the SEM images of the Mg(OH) 2 /silica core-shell particle surface morphology according to the hollow silica synthesis time duration. In the initial stages of the reaction, as shown in Figs. 8(b) and (c), silica satellites were not observed on the Mg(OH) 2 /silica core-shell particle surface, but after 60 minutes into the reaction, the formation of silica satellites was observed. Through this result, it was predicted that an additional reaction site other than the Mg(OH) 2 template particle surface that can be produced independently was formed on the silica during the reaction. Figure 9 shows the reaction solution pH value variation plot according to the hollow silica synthesis time. The pH value was decreased from 10.1 to 8.83 when the sodium silicate solution and ammonium sulfate solution were added, respectively. It was also observed that there was almost no pH change after the silica shell precursor addition was finished (100 minutes). 
In this study, the other reaction site of the silica was judged to be the NH 4 OH produced during the hollow silica synthesis. The mechanism that formed silica shells at the surface of Mg(OH) Based on this mechanism, the NH 4 OH produced during the hollow silica synthesis also has an OH group and hence there is the possibility of reaction with the silicate ions. In the initial stage of the reaction, as shown in Fig. 8 , the silica satellites are not formed whereas they are formed after 60 minutes, and this phenomenon is thought to be determined by the nucleation of NH 4 OH. Figure 10 shows a conceptual diagram of the NH 4 OH nucleation and silica satellite formation during the hollow silica synthesis reaction based on the Lamer theory. As stated by the Lamer theory, 1 9 ) the amount of the (NH OH nucleus, simultaneously forming spherical silica satellites independent of the silica shell growth. The protrusions on the hollow silica surfaces were thought to be caused by the produced spherical silica satellites existing in a dispersed state in the reaction solution followed by agglomeration and adhesion on the hollow silica particle surface in the filtration and drying process. As the added silica precursor molar concentration increased, supersaturation was reached at a faster pace, where the NH 4 OH nucleation occurred earlier, meaning that there was more formation and growth of the spherical silica satellite, causing the number and particle size of the satellites to increase.
Conclusions
A Mg(OH) 2 inorganic template was used to synthesize microscale flake type hollow silica from sodium silicate using the precipitation method. Silica shells were formed on the surface of the Mg(OH) 2 inorganic template, and microscale flake type hollow silica was obtained by removing the inorganic template through H 2 SO 4 treatment. Observation of the hollow silica shape, shell thickness, and surface while varying the concentrations of sodium silicate and ammonium sulfate as the hollow silica synthesis process variable revealed that when the silica precursor concentration was low, flake type hollow silica with thin and smooth shells was synthesized along with hollow structures that appeared to be broken. On the other hand, as the precursor concentration increased, the thickness of silica shell increased and unintended spherical silica satellites were formed on the shell surface. The number and size of the silica satellites increased as the precursor concentration increased.
XRD analysis revealed that silica was synthesized, and measurement of oil absorption carried out to identify the loading capacity of the synthesized hollow silica was 10.40 cc/g, which was 9.45 times greater than that of generic solid silica.
Unintended silica satellites were formed on the hollow silica surface, and this was ascribed to the NH 4 OH produced during the hollow silica synthesis acting as an additional silica reaction site, where silica synthesis occurred on the Mg(OH) 2 inorganic template as well as the NH 4 OH nucleus, resulting in the simultaneous formation of spherical silica satellites independently from the silica shell coating. The spherical silica satellites, which existed in a dispersed state in the reaction solution, were thought to agglomerate or adhere to the hollow silica particle surface in the filtration and drying process, producing a hollow silica surface morphology with observable protrusions. 
